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INTRODUCTION 

Early in 1972 the Energy RLD Goals Committee of the  Federal  Council on Science and 
Technology organized a study t o  assess a number of bas i c  energy technologies which could 
favorably inf luence  the  U.S. fu tu re  energy suppl ies .  Various f ede ra l  agencies sponsored 
eleven technica l  panels t o  perform t h i s  assessment and t o  prepare R&D plans f o r  developing 
the  p r i o r i t y  technologies. The f ind ings  of one of these  panels,  "Hydrogen and Synthetic 
Fuels," sponsored by the  USAEC, is the  primary subjec t  of t h i s  paper. 

While the re  are cur ren t ly  se r ious  problems in providing adequate e l e c t r i c i t y ,  the 
longer-term energy problems seem t o  be  more assoc ia ted  with providing an assured supply of 
environmentally acceptable por tab le  fue l s .  The importance of t h i s  supply is apparent when 
i t  is rea l ized  t h a t  e l e c t r i c a l  energy only meets about one-tenth of our end-energy needs 
today - the  remainder is supplied from f o s s i l  fue l s ,  mainly petroleum and na tu ra l  gas. 

While production of syn the t i c  f u e l s  requi res  thermal o r  e l e c t r i c a l  energy and thus 
may appear t o  complicate an already d i f f i c u l t  problem, t h i s  energy can be obtained from 
domestic and, f o r  t he  most p a r t ,  clean sources,  e.g. ,  nuclear o r  so l a r .  Further,  because 
of low t ranspor t  cos t s ,  synthe t ic  fue l s  can be produced a t  remote, well-regulated p l an t s  
and thus would not cont r ibu te  t o  t h e  primary po l lu t ion  problems t h a t  e x i s t  i n  our urban 
centers .  
f o s s i l  f u e l  resources,  pa r t i cu la r ly  petroleum, so t h a t  they may be used as valuable chemi- 
c a l  product feedstocks and i n  meta l lurg ica l  processes.  
hydrogen, may be  consumed with very l i t t l e  or no air  pol lu t ion  as w e l l  as with higher con- 
version e f f i c i e n c i e s  and thus could be more a t t r a c t i v e  fo r  urban uses than the f o s s i l  f u e l s  
in curren t  use. 

An addi t iona l  consequence of such a system is t h a t  of conservation of our l imited 

The syn the t i c  f u e l s ,  espec ia l ly  \ 

The i n t e n t  of t h i s  paper is t o  summarize the  findings(1) of t he  Synthe t ic  Fuels Panel 
which evaluated the  major aspec ts  of new fue l s  systems, i . e . ,  production, s torage  and 
t ranspor ta t ion ,  end uses and an ove ra l l  systems ana lys i s .  
gen and o the r  f u e l s  from nonfoss i l  sources, a s ec t ion  on t he  use of coa l  t o  produce hydro- 
gen and methanol is a l so  included t o  help def ine  the  in te r im time period before  our dependency 
on nonfoss i l  fue l s  occurs. 

While t h e  emphasis was on hydro- 

The organization of the  panel and the  main cont r ibu tors  to  the  e f f o r t  are given in t he  
Appendix. The primary fue l s  considered, along with a l i s t i n g  of t h e i r  s i g n i f i c a n t  charac- 
t e r i s t i c s ,  a r e  given in Table 1. 

PRODUCTION OF FUELS 

Perhaps the  most c r i t i c a l  f ac to r  influencing the  v i a b i l i t y  of an energy system based 

In considering the production 
on synthe t ic  fue ls  res ides  i n  the  production system, pa r t i cu la r ly  i n  terms of the  cos ts  and 
t h e  impact on the  use of resources and on the  environment. 
of hydrogen from nonfoss i l  primary energy sources four main processes are ava i lab le  -water 
e l e c t r o l y s i s ,  thermal-chemical, b io log ica l ,  and r ad io ly t i c .  Most cur ren t  hydrogen produc- 
t i o n  f a c i l i t i e s  a r e  based on t he  use of f o s s i l  fue l s ,  mainly n a t u r a l  gas and various petro- 
leum f rac t ions  wherein the hydrogen source is p a r t l y  from the  hydrocarbon and pa r t ly  from 

*Research sponsored by the  U.S. Atomic Energy Commission under cont rac t  with the  Union 
Carbide Corporation. 
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3 
water. 
coa l  i n  which carbon is  used t o  reduce water. 
could be  produced on a massive s c a l e  by water e l e c t r o l y s i s  using nuc lear ,  s o l a r ,  or geo- 
thermal primary energy sources.  

As these f o s s i l  fue l s  become more expensive and less ava i lab le .  H 2  can be made  from 
As coal  becomes more expensive, hydrogen 

Water E lec t ro lys i s  

Water e l e c t r o l y s i s  i s  a w e l l  e s tab l i shed  commercial process i n  which hydrogen and oxy- 
gen a r e  produced by the  passage of e l e c t r i c i t y  through a conducting water medium. 
along with Table 2 ,  gives a comparison of t h e  a c t u a l  performance of e l e c t r o l y s i s  c e l l s  t o  
the  theo re t i ca l  energy requirements as a function of c e l l  operating temperature. 

The energy t h a t  must be supplied t o  t h e  c e l l  t o  cause the  reac t ion  H 2  ( l i qu id )  + H2 

Figure 1, 

(gas) + 1/202 (gas) t o  proceed is  the  enthalpy of formation of water, AH(L), and i s  equal 
t o  68.32 kcal/mole a t  25°C and 1 atmosphere. However, only the  f r e e  energy of t h i s  reac- 
t i on ,  AF(fi), equal t o  56.69 kcal/mole, has t o  be supplied t o  the  e lec t rodes  as e l e c t r i c a l  
energy. Tne remainder i s  required as  hea t ,  and t h i s  can theo re t i ca l ly  be provided a s  
thermal energy from the  surroundings, o r  from e l e c t r i c a l  l o s ses  wi th in  t h e  c e l l .  

The theo re t i ca l  r eve r s ib l e  vol tage  (defined by the  f r e e  energy change) decreases with 
temperature, while the  "thermoneutral" voltage (defined by the  enthalpy change) increases 
s l i g h t l y  with increasing temperature. 
temperatures due t o  changes i n  the  conductivity of t he  e l ec t ro ly t e  and i n  the  a c t i v i t y  of 
the e lec t rodes .  

The a c t u a l  performance is  improved a t  elevated 

Efficiency of water e l e c t r o l y s i s  may be  defined as the  energy s tored  as  chemical 
energy i n  the  hydrogen (AH) divided by the  e l e c t r i c a l  energy required t o  produce hydrogen. 
Throughout t h i s  repor t  t he  LHV is  used fo r  AH, s i nce  i n  most end uses the  l a t e n t  heat i s  
not productive. Commercially ava i l ab le  e l e c t r o l y s i s  p l an t s  operate a t  e l e c t r i c a l  e f f i c i en -  
c i e s  between 57% and 72%. The b e s t  demonstrated e f f i c i ency  f o r  advanced e l e c t r o l y s i s  c e l l s  
is approximately 80%. Note t h a t  once the  c e l l  performance reaches the  "AH" l i n e  on Fig. 1, 
operation below t h i s  vo l tage  is theo re t i ca l ly  poss ib l e  and represents  an apparent e f f i -  
ciency g rea t e r  than 100% i f  only t h e  e l e c t r i c a l  input i s  considered. As s t a t e d  e a r l i e r ,  
operation within the  bounds of the  AH and AF l i n e s  of Fig. 1 is  qu i t e  poss ib le ,  r e s u l t s  i n  
an "endothermic" c e l l ,  and thus requi res  the  input  of thermal energy a t  t he  c e l l ' s  operat-  
ing temperature. 

The economic f ac to r s  involved i n  the  e l e c t r o l y t i c  production of Hp a r e  i l l u s t r a t e d  i n  
Fig. 2 and show the  s t rong  inf luence  of the  cos t  of t h e  e l e c t r i c i t y  used. The improvements 
i n  the  c e l l  e f f ic iency  t h a t  appear achievable,  toge ther  with p a r t i a l  c r e d i t  f o r  the  by- 
products, oxygen and deuterium, could allow a f a c t o r  of two decrease i n  the  production cos t .  

With such an e l ec t r i c i ty - in t ens ive  process as e l e c t r o l y s i s ,  considerable leverage 
e x i s t s  i n  decreasing the  amount of power required per un i t  of production o r  i n  decreasing 
the  cos t  of the power. Low-cost power a s  may be ava i l ab le  from some few remaining remote 
hydroe lec t r ic  s i t e s  would seem t o  be i d e a l  f o r  t h i s  use. A l s o ,  t he  use of off-peak power, 
pa r t i cu la r ly  from a fu ture ,  e s s e n t i a l l y  a l l -nuc lear  system, would be an a t t r a c t i v e  power 
source. 
swings (var iab le  c e l l  cur ren t  density) and can make use of the  power when i t  is ava i l ab le  
or shed i t  when the  e l e c t r i c a l  system requi res  i t . ( 2 , 3 )  This l a t t e r  c h a r a c t e r i s t i c  could 
e l imina te  the  need f o r  a separa te  low use f a c t o r  system f o r  generating power t o  meet the  
peak demands. 
In te rmi t ten t  energy sources,  such as s o l a r ,  winds, t i d e s ,  etc. 

The advanced c e l l s  seem t o  be readi ly  adaptable t o  opera t ing  with l a r g e  power 

This c h a r a c t e r i s t i c  a l s o  allows e l e c t r o l y s i s  p l an t s  t o  be  coupled with 

-tal P r o c e w  

E lec t ro lys i s  of water s u f f e r s  from inherent thermodynamic l imi t a t ions  on the  e f f i -  
ciency of i n i t i a l  conversion of thermal t o  e l e c t r i c a l  energy (cur ren t ly  %30-40%) i n  addi- 
t i on  t o  an expected maximum rea l i zab le  e l e c t r o l y t i c  e f f i c i ency  of about 80-90%. The 
large-scale needs f o r  f u e l  therefore  j u s t i f y  attempts t o  f ind  processes t h a t  may exceed 
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I 
t h e  25-35% ove ra l l  thermal e f f i c i ency  of e l e c t r o l y s i s  f o r  hydrogen production. 
development of high-temperature nuclear f i s s i o n  reac tors  (and the  po ten t i a l  development of 
fus ion  reac tors ) ,  two conceivable processes f o r  t he  production of hydrogen from water are: 
(1) thermochemical and (2) r ad io ly t i c .  Solar o r  geothermal energy a l s o  a r e  p o t e n t i a l  
a l t e r n a t i v e  hea t  sources f o r  the  thermochemical route.  It should be recognized, however, 
t h a t  these high-temperature hea t  sources a re  a l s o  capable of more e f f i c i e n t  conversion of 
hea t  t o  e l e c t r i c i t y  so t he  u l t imate  ove ra l l  e l e c t r o l y t i c  e f f i c i ency  might approach 50%. 
Further,  e f f i c i ency  must be tempered with economics, r e l i a b i l i t y ,  s a fe ty ,  e t c .  t o  make 
meaningful comparisons between processes. 

With the  

Various thermochemical hydrogen production routes  have been inves t iga ted  from the  
d i r e c t  (high-temperature) d i s soc ia t ion  of water t o  four- and five-step chemical r eac t ion  
sequences, but none have been developed t o  the  poin t  of commercial u t i l i z a t i o n .  
s e t  of reac t ions  involving the  reverse  Deacon reac t ion  followed by th ree  sequent ia l  reac- 
t i o n s  of various vanadium chlor ides ,  thermal e f f i c i e n c i e s  of 6 t o  18% were computed(4) 
af ter  allowing f o r  a l l  process energy requirements and losses. 
been claimed by o ther  i nves t iga to r s  using d i f f e r e n t  reac t ion  sequences. (5) 

I n  one 

Higher e f f i c i e n c i e s  have 

Biological and Other Processes 

Biological processes have been in use f o r  the  production of syn the t i c  fue l s  i n  a 
l imi ted  manner f o r  many years.  Primary examples a r e  the  generation of methane from sewage 
and fermentation of gra ins  and sugars t o  produce alcohol.  
are dependent on t he  d i f fuse  s o l a r  energy input  or t he  r e l a t i v e l y  slow processes of bac- 
t e r i a l  ac t ion  and therefore  may be d i f f i c u l t  t o  scale up economically t o  the  very la rge  
s i z e s  required t o  meet a s i g n i f i c a n t  share  of t he  fu tu re  demand f o r  fue l s .  A system €or  
producing hydrogen v i a  an in t e r rup ted  photosynthesis process has been proposed and is  
cur ren t ly  being inves t iga ted .  Based on preliminary es t imates ,  a 500-tons-per-day hydro- 
gen p lan t  would requi re  the  s o l a r  input  co l lec ted  over an a rea  of 2 2  square miles.  

I n  most cases,  such systems 

A number of o ther  production p o s s i b i l i t i e s  were recognized, e.g. ,  mult i s tep  chemical 
reac t ion  followed by e l e c t r o l y s i s ,  combined water e l e c t r o l y s i s  with coa l  gas i f i ca t ion ,  
using by-product oxygen, and r a d i o l y t i c  decomposition of water. In su f f i c i en t  ex i s t ing  
da ta  were ava i lab le  t o  make comprehensive analyses of these  processes.  

The technologies and cos ts  f o r  the  production of o ther  syn the t i c  f u e l s ,  s p e c i f i c a l l y  
NH3, CH3OH, and N2H4,  were shown t o  be wel l  developed commercial processes.  The long- 
range po ten t i a l  problem of a source of carbon (as CO o r  Cog) f o r  methanol synthes is  was 
believed t o  be ava i l ab le  from the  atmosphere, l imestone, seawater o r  combustion of waste 
organic matter. 

Waste Processes 

Obtaining fue ls  from urban and a g r i c u l t u r a l  wastes was b r i e f l y  examined. Of the  
3 x l o9  tons of s o l i d  organic wastes generated year ly  i n  t h e  U.S., about two-thirds a r e  
manure and over 80% a r e  of a g r i c u l t u r a l  o r ig in .  
a r e  about 0.4 x lo9 tons,  half  of which a re  cu r ren t ly  co l l ec t ed  f o r  d i sposa l  by municipal 
agencies. (6) 

Tota l  municipal and i n d u s t r i a l  wastes 

A study prepared f o r  t he  U.S. Department of t h e  I n t e r i o r ' s  Bureau of Mines (BuMnes) (7 )  
i nd ica t e s  t h a t  more than half  t he  t o t a l  weight of these  wastes i s  ac tua l ly  water. 
1971, the t o t a l  amount of dry,  ash-free organic waste produced in t h i s  country w a s  only 
880 mill ion tons with about 136 mi l l i on  tons of dry organic wastes being readi ly  co l l ec t -  
ab le  f o r  conversion. This amount would have produced 170 mi l l ion  ba r re l s  of o i l  - 
roughly 3% of 1971 consumption of crude o i l  o r  1 2 %  of imported crude. Al te rna t ive ly ,  
t h i s  amount of waste could have produced 1.36 t r i l l i o n  scf  of methane, about 6% of 1971 
consumption of na tu ra l  gas. 
40% of our na tu ra l  gas use could come from t h i s  source. 

In 

I f  a l l  the  wastes could be co l l ec t ed  f o r  t h i s  purpose, near ly  
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wastes is t he  c l ean l ines s  of t h e  f u e l s ,  i .e.,  t he  s u i t a b i l i t y  of the  fue l s  t o  unres t r ic ted  
use as  p ipe l ine  gas  and t h e  economic co l l ec t ion  and s torage  of d i f f u s e  wastes sources, 
pa r t i cu la r ly  a g r i c u l t u r a l  wastes. 

Among the  problem a reas  which must be  considered i n  developing syn the t i c  fue ls  from 

Agr icu l tura l  Processes 

Related t o  the  use  o f  waste processing is t he  production of f u e l s  v i a  in tens ive  agri-  
cu l ture .  
g ra ins ,  sugars,  o r  s t a r ches ,  methanol from waste products,  and wood from tree farms. The 
crop processing technology seems t o  be we l l  developed, bu t  t h e  ove ra l l  economics have been 
unfavorable due to  the  low c o s t  of competing f o s s i l  fue l s .  The appl ica t ion  of in tens ive  
a g r i c u l t u r a l  methods ( i . e . ,  use of optimized nu t r i en t s ,  soil moisture l eve l s ,  e t c . ,  coupled 
with a mul t ip le  crop c l ima te ) ,  and the  r i s i n g  p r i c e  of f o s s i l  fue l s  work toward making t h i s  
scheme p ro f i t ab le .  
n i f i c a n t  f r ac t ion  of OUT f u e l  requirements seem t o  preclude the  use of t h i s  concept t o  
areas of very spec ia l ized  app l i ca t ion ,  e.g. ,  ethanol a s  a replacement f o r  t e t r ae thy l  lead 
(10% i n  gasoline) .* 

The f u e l s  t h a t  may be produced i n  t h i s  manner a r e  ethanol from fermentation of 

However, the  r e l a t i v e l y  l a rge  amounts of land required t o  produce a sig- 

The use of wood obtained from a tree farm has been proposed“) as a f u e l  fo r  a conven- 
Preliminary computations ind ica t e  t h a t  an Intensively t i o n a l  steam-electric power s t a t i o n .  

farmed a rea  of 400-600 sq mi would be required t o  continuously supply a lOOO-MW(e) power 
s t a t i o n  with wood f u e l .  

proposed.(gk Here the  f u e l  could be methane, bu t  again the  l a rge  land areas  required sug- 
ges t  t h a t  such a , sys tem is not l i k e l y  t o  meet a s i g n i f i c a n t  f r ac t ion  of OUT t o t a l  energy 
needs. 

Althou h not usual ly  considered ag r i cu l tu re ,  growing algae fo r  f u e l  has of ten  been 

USE OF COAL 

While the  emphasis of t h e  Synthe t ic  Fuels Panel was d i r ec t ed  toward nonfoss i l  sources 
of por tab le  fue l s ,  some e f f o r t  w a s  devoted t o  t h e  use of coa l  and l i g n i t e  f o r  the produc- 
t i on  of hydrogen and methanol. 
produce more conventional hydrocarbon f u e l s  from coa l  which could be  used f o r  a comparative 
ana lys i s .  

Many o the r  s tud ie s  and demonstrations a r e  i n  progress t o  

( 10) The U.S. has been estimated t o  have had 3.21 x 10” tons of coa l  at  the  end of 1969 
OK the equivalent of 64.4 x 10l8 Btu of energy. 
be recoverable; however, t h e  U.S. t o t a l  consumption of nonnuclear energy i n  2000 has been 
estimated t o  be about 131 x 1015 Btu. 
one-half of t he  energy i n  the  coa l  could be delivered t o  end uses i n  the  form of hydrogen 
and methanol. Thus, even i f  nonnuclear energy were t o  be provided by hydrogen and 
methanol, coa l  could be t h e  source of these  two syn the t i c  fue l s  f o r  120 years a t  the year 
2000 consumption r a t e .  

Only one-half of t h i s  coa l  is believed t o  

A rough conservative assumption can be made t h a t  

Two methods f o r  producing hydrogen from coal  were reviewed: steam-oxygen (Synthane) 
These processes give s imi la r  production cos t s ;  those f o r  the  C02-acceptor and COz-acceptor. 

process a re  shown i n  Fig. 3 a s  a func t ion  of the  cos t  of the  raw mater ia l .  While these 
processes a p p e a r  t o  b e  commercially v i ab le ,  they have no t  been used i n m t h e  U.S. due t o  the  
r e l a t i v e l y  lower cos t  of hydrogen ava i l ab le  from na tu ra l  gas and various petroleum frac- 
t ions .  
a s impl i f ied  flow shee t  s ince  no methanation s t e p  is required.  

In comparison t o  the  production of methane from coal ,  hydrogen appears to  o f f e r  

Methanol has been produced from coa l  i n  some p a r t s  of the  world but  not i n  the U.S. 
A two-step ana lys i s  of t h e  manufacturing cos ts  of (1) c o a l  gas i f i ca t ion  and synthesis gas 
( H p ,  CO) pur i f i ca t ion  and (2) methanol synthes is  is summarized in Table 3. The cost  of 

*This requi res  8.8 x l o9  g a l  of alcohol/yr OK 3.3 x l o 9  bushels of grain O K  about 
40 x lo6  acres  of land. 
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Table 3 .  Economics of synthes is  o f  20,000 tons/day 
of methanol (MeOH) from coal  

cos t  

Item Unit Units $ /uni t  $/day d lga l  

Synthesis gas manufacture 
(Capi ta l  f o r  p l an t :  $260 x l o 6 )  

Coala Ton 26,000 

Chemicals 

Process water  l o 3  g a l  6,250 

Cooling water  l o 3  ga l  346,000 

Operating l abor  Kan-hr 960 

Supervision 

Maintenance 

Overhead 

P recap i t a l  manufacturing cos t  

Capi ta l  charges at 15%/year 

Total  c o s t  

7.00 182,000 

1,000 

0.02 6,920 

0.20 1,250 

4.00 3,840 

380 

35,600 
4,220 

235,110 

106.800 

3.02 

0.02 

0.02 

0.11 

0.06 

0.01 

0.59 
0.07 

3.90 

1.77 

- 
- 

341,910 5.67 (99&/106 Btu) 

Methanol synthes is  from provided Syngas 
(Capi ta l  f o r  p l an t :  $135 x lo6) 

Steam 

Fuel 

E l e c t r i c i t y  

Cooling w a t P r  

chemicals 

OW l abor  a r d  
supervision 

Overhead 

Catalyst  and 

l o 3  l b  38,200 0.65 24,800 0.41 

l o 6  Btu 21,600 Ob 

kWhr 100,000 0.01 1,000 0.02 

103 gal 5b0,000 0.02 10,800 0.18 

15,000 0.25 

50,000 0.83 

14,000 0.23 
Precap i t a l  manufacturing cos t  115,600 1.92 

Capi ta l  charges at 15$/year 55,400 0.92 
Subto ta l  171,000 2,84 

To ta l  C J S t  512,910 8.51 (148&/106 Btu) 

J 

‘Combined raw l r a t e r i a i  and fuel. 

bPurge gas frcm s:rrthesis gas B l e a t .  
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producing the  synthes is  gas is seen t o  be  t h e  dominant cos t  and t h i s ,  i n  tu rn ,  is la rge ly  
dependent on the  cos t  of coa l ,  
decrease t o  6 . 4 ~ / l b  ($110/106 Btu). 
Table 4. 

I f  l i g n i t e  a t  $2/ton were used, t he  t o t a l  cos t  would 
The cos t s  of the  various f u e l s  are summarized i n  

\ 

I 
. ,  

7 

t '  

STORAGE AND TRANSPORTATION OF SYNTHETIC mTELS 

The technology and p r a c t i c e  of s to rage  and t r anspor t a t ion  of most of t he  f u e l s  con- 
s idered  i n  t h i s  paper have been extensively developed and demonstrated on a s ign i f i can t  
sca le .  
d i t i ons  t h a t  would s imula te  a f u e l  gas production and d i s t r i b u t i o n  system. 
ever,  no ex i s t ing  hydrogen transmission o r  d i s t r i b u t i o n  systems i n  which booster compressors 
are u t i l i zed .  
and d i s t r ibu ted  i n  support  of t h e  space program. 
reached a sca l e  of d i s t r i b u t i o n  i n  which l a rge  i n t e r s t a t e  p ipe l ines  are now operating i n  
addi t ion  t o  t h e  extensive barge, rail ,  and t ruck  systems t h a t  have been b u i l t  t o  achieve 
economical d i s t r ibu t ion .  
l a rge  s torage  complexes have a l s o  been developed. 
petrochemical, and d i s t r i b u t i o n  by a l l  means has been f u l l y  developed. 

Hydrogen gas i s  being produced and d i s t r i b u t e d  i n  and among r e f i n e r i e s  under con- 
There a re ,  how- 

Liquid hydrogen equivalent t o  over 100 b i l l i o n  cu f t  (STP) has been produced 
'Production of a m n i a  fo r  f e r t i l i z e r  has  

Because of t h e  seasonal  na tu re  of a g i r c u l t u r a l  chemicals supply, 
Methanol has long been a bas i c  tonnage 

Storage of Fuels 

The estimated investment f o r  s t o r i n g  energy i n  the  form of a syn the t i c  f u e l  i s  i l l u s -  
t r a t ed  i n  Fig. 4. 
competitive f o r  t he  f u l l  range of s to rage  capacity.  
low s p e c i f i c  volume of t he  gas and high cos t  of t he  pressure  vesse l .  The adaptation of 
gaseous s torage  might be  enhanced by using t h e  transmission l i n e  as an inventory device 
( l i n e  packing) - e.g., a pressure  change from 750 t o  1000 p s i a  i n  300 miles of 3 f t  d i a  
pipe can s t o r e  the  equivalent of 5.2 x lo4  mi l l i on  Btu. 
s torage  tank containing 2 x l o6  Btu, t he  approximate s i z e  of. an average automobile f u e l  
tank, a r e  given i n  Fig. 4. A tank of l i q u i d  (cryogenic) hydrogen would be t w i c e  as  heavy, 
seven times g rea t e r  i n  volume, and of much h igher  cos t  than an equivalent tank of gasoline.  

The s torage  of gaseous hydrogen i n  pressure  ves se l s  appears t o  be non- 
This is  due t o  t h e  combination of 

The volume and weight of a f u e l  

It should be recognized t h a t  t he  s torage  cos t s  shown a r e  based on present technology 
and production techniques. With fu r the r  development and use of mass production systems 
i t  is expected t h a t  t he  values shown f o r  t he  unconventional types should decrease by as 
much as  a fac tor  of two. 

The cos t  of a compression and/or l i que fac t ion  system should be  added t o  the  cos t  of 
s torage  i n  assess ing  the  u t i l i t y  of hydrogen energy s y s t e m .  
compression might t yp ica l ly  be 15  t o  SO$ p e r  l o6  Btu (.8 t o  2.6C/lb) f o r  a wide range of 
de l ivery  pressures and equipment u t i l i z a t i o n  f ac to r s .  The cos t  of hydrogen l iquefac t ion  
might t yp ica l ly  be  $1  t o  $2 per lo6  Btu (5.2 t o  10.4c/lb) f o r  a wide range of system 
capac i t i e s  and u t i l i z a t i o n  fac tors .  
kWhr/lb H p .  These cos t s  a r e  usua l ly  more s i g n i f i c a n t  than tankage c o s t s  and must be  con- 
s idered  i n  the  design and evaluation of l i q u i d  Hp s torage  systems. 

The cos t  of hydrogen gas 

The e l e c t r i c a l  power requirement alone is about 5 

Evaporation lo s ses  from l a rge  LHp tanks (%IO6 ga l )  a r e  typ ica l ly  O.O3%/day while small 
mobile tanks may be from 1 t o  10%/day. 
cos t s  and s torage  lo s ses  is the use of hydrides o r  compounds of hydrogen. 
s torage  systems have been inves t iga ted  and i n d i c a t e  t h a t  a l a rge  number of binary and 
t e r t i a r y  metal systems a r e  ava i l ab le  f o r  t h i s  use. 
Ni(l1) w i l l  r e l ease  Hp a t  1 a t m  a t  temperatures of from 440'F t o  540°F. 
metallic compounds of t h e  composition AB5,(12) where A is a rare-ear th  metal and B is 
n icke l  o r  cobal t ,  a r e  reported t o  absorb and desorb l a rge  quan t i t i e s  of hydrogen a t  near 
room temperature. 
to  y i e ld  H2. The hydrogen dens i ty  i n  these compounds i s  from 1 .5  t o  2.0 t i m e s  t ha t  of 
l i q u i d  hydrogen. 
heat of d i ssoc ia t ion  must be supplied,  although i n  some appl ica t ions  waste hea t  may be 
u t i l i z e d  fo r  t h i s  purpose. 

A p o s s i b i l i t y  f o r  circumventing some of the above 
Several  hydride 

Magnesium and a l l o y s  of Mg and Cu o r  
Also some in t e r -  

Some compounds such a s  ammonia and hydrazine can be  readi ly  decomposed 

S t i l l  lower e f f e c t i v e  hea t ing  values would, however, r e s u l t  s ince  the 
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Fuels Transportation 

The cos t s  of t ranspor t ing  var ious  forms of energy i n  a near-urban environment are 
sunnnarized i n  Table 5. An avera e cross-count 

be  2.6 times t h i s  cos t  s i n c e  compressor s i z e  and horsepower muet be considerably increased 
and a more expensive f u e l  (hydrogen) used t o  power the  compressors. By increas ing  t h e  
p ipe l ine  opera t ing  pressure  from t h e  "usual" 750 p s i a  t o  2000 ps i a ,  t h i s  f a c t o r  could b e  
reduced t o  about 1.5. 
less than f o r  n a t u r a l  gas so t h a t  t h e  t o t a l  cos t s  of de l ivery  may be near ly  equal. 

cos t  f o r  n a t u r a l  gas transmission today 
is reported t o  be  1.5 t o  1 . 7 ~ / 1 0  f Btu per  100 :les.(13) Hydrogen transmission cos t  would 

Fur ther ,  t h e  average p ipe l ine  d is tance  f o r  hydrogen is l i k e l y  t o  be 

The advantage i n  p ipe l in lng  f u e l s  i s  the  a b i l i t y  t o  sca l e  t h i s  type of system up t o  
very l a r g e  capac i t i e s  wi th  t h e  r e s u l t a n t  e f f e c t  of t h e  economy of scale being t o  lower unit-  
energy t r a n s f e r  cos t .  The use of p ipe l ine  t ranspor t  of thermal energy w i l l  t he re fo re  be  
super ior  f o r  the  transmission of energy over long d is tances  and/or transmission of very 
l a r g e  blocks of energy. 
q u i t e  high because of i ts  low s p e c i f i c  hea t  content,  although the  low molecular weight com- 
pensates considerably,  r e s u l t i n g  i n  s imi l a r  system performance. 
t ransmi t t ing  hydrogen over methane is the  increased cos t  of recompression which amounts t o  
a r e l a t i v e l y  small f r ac t ion  of t h e  cos t  of a transmission system i n  a near-urban environ- 
ment. This penalty may be  o f f s e t  by t h e  po ten t i a l  e f f i c i ency  gain of hydrogen energy con- 
version devices and the r e s u l t a n t  flow decreases i n  t h e  hydrogen energy transmission system. 
An a rea  of concern i n  the  transmission of hydrogen, however, is i n  the  admission of t h i s  
gas i n t o  o lder  ex i s t ing  mains s i n c e  the  leakage coe f f i c i en t  is th ree  t o  s i x  times t h a t  of 
methane. Techniques of s ea l ing  o l d e r  n a t u r a l  gas systems would therefore  have t o  be devel- 
oped t o  avoid t h e i r  t o t a l  replacement i n  t r a n s i t i o n  t o  use by hydrogen. 

Rela t ive  t o  n a t u r a l  gas, t he  volumetric flow of hydrogen must be 

The primary penalty i n  

USE OF SYNTHETIC FUELS 

End uses f o r  hydrogen and o t h e r  syn the t i c  fue ls  were examined f o r  the  major energy 
use sec tors .  i.e.. i n d u s t r i a l ,  urban, t r anspor t a t ion  and e l e c t r i c i t y  generation. 

I n d u s t r i a l  

I n d u s t r i a l  uses fo r  H 2  a r e  mainly as a chemical as i n  ammonia production and i n  petro- 
leum ref in ing .  I ron  ore reduct ion  could po ten t i a l ly  requi re  l a r g e  amounts of hydrogen as 
w i l l  most coa l  processing schemes. 
t o  be unlimited. Further,  i f  a dua l  pipe (hydrogen and oxygen) system were ava i l ab le ,  or 
a s  d i c t a t ed  by economic t r adeof f s ,  with oxygen from an a i r  l i que fac t ion  p lan t ,  process steam 
could be produced d i r ec t ly .  With t h i s  arrangement, a simple pipe-combustor-attemporator 
( a s  a closed system) would be  subs t i t u t ed  f o r  t he  cu r ren t  massive water tube steam generators.  

uses - i n  f ac t ,  is already (as "methyl-fuel")(14) being evaluated as  a b o i l e r  fue l .  
of i ts t o x i c i t y  and poor combustion p rope r t i e s ,  ammonia would be  less s u i t a b l e  f o r  t h i s  
use. 
be an a t t r a c t i v e  fue l .  

Its use as an i n d u s t r i a l  f u e l  appears,  t echnica l ly ,  

Of t h e  o the r  syn the t i c  f u e l s  methanol appears t h e  easiest t o  adapt t o  i n d u s t r i a l  f u e l  
Because 

It may, however, b e  r ead i ly  d issoc ia ted  t o  H2 and Np which f o r  many appl ica t ions  would 

Urban - 
Although some system rev i s ions  would b e  required,  hydrogen appears t o  be  subs t i t u t -  

ab le  f o r  any n a t u r a l  gas use and, at  the  same time, with improvements i n  use ef f ic iency .  
Conversion t o  a hydrogen system should b e  poss ib le  wi th  only a minor amount of c a p i t a l  
expenditure. 
i ng  t o  meet leakage and increased  flow requirements, and gas burners would requi re  modifi- 
ca t ion .  
assoc ia ted  wi th  t h e  use of n a t u r a l  gas. 
i z e  the  pub l i c  with the use  of hydrogen. 

Although gas d i s t r i b u t i o n  systems already exist, they may requi re  some upgrad- 

Safe ty  problems assoc ia ted  wi th  t h e  use  of hydrogen are comparable with those 
An education program w i l l  b e  required t o  fami l ia r -  

i 
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As f o r  t h e  i n d u s t r i a l  s e c t o r ,  methanol could r ead i ly  f i n d  use as a r e s i d e n t i a l /  

commercial f u e l ,  but ammonia use would probably be more d i f f i c u l t .  

Transportation 

Hydrogen, with air from t h e  atmosphere or with oxygen supplied on board, o f f e r s  an 
impressive po ten t i a l  f o r  f u e l i n g  fu tu re  t r anspor t a t ion  systems. Due t o  hydrogen's high 
gravimetric hea t  of combustion, ' ~ 2  1 / 2  times g rea t e r  than conventional hydrocarbon f u e l s ,  
it is an  a t t r a c t i v e  f u e l  f o r  a i r c r a f t .  As a l iqu id ,  i ts low dens i ty  (%1/10 t h a t  of j e t  
fue l )  and low temperature (-423OF) do, however, present some design and operating prob- 
lems. Improvements i n  a i r  t r anspor t  e f f i c i ency  a r e  po ten t i a l ly  great.  e . g . ,  a recent 
ana lys i s  (1) of a hydrogen-fueled subsonic commercial t r anspor t  showed t h a t  a 30X decrease  
i n  takeoff weight is poss ib le .  
propulsion f u e l  could give a 45% increase  i n  payload a t  a Mach 3 c ru i se  condition. 
hypersonic a i r c r a f t  (>Mach 4) t h e  use of l i q u i d  hydrogen is probably mandatory due t o  its 
unique cooling capab i l i t i e s  and a t t r a c t i v e  chemical proper t ies ,  e .& ,  noncoking. 

With high-speed a i r c r a f t  s u b s t i t u t i n g  hydrogen fo r  jet 
For 

For ground t ranspor t  hydrogen appears t o  be s u b s t i t u t a b l e  f o r  ex i s t ing  f o s s i l  fue l s .  
but s i z a b l e  problems are evident  r e l a t i v e  t o  f u e l  tankage and l o g i s t i c s .  Large f l e e t -  
operated t rucks  o r  buses or high-speed t r a i n s  appear t o  be the  eas i e s t  to  adapt t o  hydro- 
gen f u e l .  The clean-burning c h a r a c t e r i s t i c s  of hydrogen o f f e r  an add i t iona l  op t ion  t o  
overcoming the  pol lu t ing  e f f e c t s  of i n t e r n a l  combustion engines. 

Hydrogen-oxygen f i r e d  steam cycle  power p l an t s  may be of spec ia l  i n t e r e s t  to nuclear- 
powered sh ips ,  to  provide l a r g e  amoun t s  of reserve  speed, f o r  example. For submersibles 
t h i s  power p l a n t ' s  completely condensible exhaust (water) o f f e r s  a number of system 
advantages. 

Of the  o ther  synthe t ic  f u e l s ,  methanol and ammonia show some' promise for  the ground 
t r anspor t  s e c t o r  with methanol t h e  more a t t r a c t i v e  fuel: Its main advantages a re  t h a t  i t  
shows promise as a long-term, high qua l i ty , .domest ica l ly  produced, por tab le  fue l ,  pa r t i c -  
u l a r ly  as a replacement f o r  gasoline.  Since i t  is bas i ca l ly  a high-octane, clean-burning 
f u e l  (without add i t ives ) ,  i t  can be  used i n  high-performance engines with apparently rel- 
a t i v e l y  simple exhaust treatment and thus compensate, i n  p a r t ,  €or its low heating value. 
Its cur ren t  r e l a t ive ly  higher c o s t ,  low hea t  of combustion and higher v o l a t i l i t y  appear 
t o  be the  primary obs tac les  t o  its widespread use today. 

E l e c t r i c i t y  Generation 

The use of nonfoss i l  s y n t h e t i c  fue l s  f o r  e l e c t r i c i t y  generation would seem t o  apply 
only i n  spec ia l  s i t ua t ions  such a s  t o  meet a r e l a t i v e l y  remote small requirement or as a 
p a r t  of an energy storage power peaking system. 

One poss ib i l i t y  is t ha t  e l e c t r i c i t y  w i l l  be generated near t he  load cen te r  from hydro- 
gen f u e l  or hydrogen-oxygen taken  from pipe l ines  a s  i t  is transmitted long d is tances  from 
remote production s i t e s .  
appear p l aus ib l e  for converting hydrogen energy i n t o  e l e c t r i c a l  form. 
turb ines ,  magnetohydrodynamic generators,  and f u e l  c e l l s .  

Both thermomechanical systems and nonthermomechanical systems 
Examples a r e  gas 

Hydrogen is expected t o  be a very favorable f u e l  f o r  gas turb ine  operation, permit- 
t i n g  increased turbine i n l e t  temperatures t o  be reached, provided tha t  t h e  exce l len t  cool- 
ing  v i r t u e s  of hydrogen can be  used t o  keep metal temperatures under control.  
hydrogen is used, precooling of i n l e t  air and/or compressor in te rcool ing  might be advan- 
tageous i n  increas ing  e f f i c i ency  and/or output. E f f i c i enc ie s  of 35% a r e  an t i c ipa t ed  fo r  
the  hydrogen-air turbines.  The hydrogen-oxygen turb ine  o f f e r s  the u l t imate  i n  cycle 
e f f i c i ency  and may exceed 60% wi th  seve ra l  generations of development. 
oxygen turb ine  a l so  prevents any air po l lu t ion  s ince  the  exhaust is pure water and may 
be condensed, i . e . ,  s i n c e  a i r  is not used in t he  combustion process,  no NOx can be formed. 

If cryogenic 

The hydrogen- 
J 
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e i t h e r  a i r  o r  oxygen t o  produce e l e c t r i c i t y .  

u r a l  gas. 
f o r  i t s  d i r e c t  use and would i n  the  process r e a l i z e  s i g n i f i c a n t  improvements i n  c e l l  e f f i -  
ciency and in lower opera t ing  cos t s .  
na tu ra l  gas and a i r  are 35 t o  40%. 
55% a r e  pro jec ted  and using hydrogen and oxygen a 60% e f f i c i ency  (AC power out/heat energy 
in) should be rea l ized .  Fuel c e l l s  fueled wi th  hydrogen should produce e l e c t r i c i t y  wi th  
only minimal air  po l lu t ion ,  s ince  the  main waste product is water vapor. Waste hea t  would 
be re jec ted  t o  a i r  and wi th  few moving parts (cooling fan and pump) t h e i r  operation is 
quie t ;  fu r the r ,  they exh ib i t  a c h a r a c t e r i s t i c  of maintaining high e f f i c i ency  a t  pa r t  load ,  
i . e . ,  down t o  ~ 2 5 %  of design load. 

Primarily i n  t h e  space program, hydrogen has found l imi ted  use i n  f u e l  cells  with 
Commercial f u e l  cells  are being developed 

With a p ipe l ine  source of hydrogen, t h i s  technology could be r ead i ly  adapted 
I-. "y 7Y-^cc I L ~ L C  & h%itney 8s p a i t  of clr- TADrET* -----I- yLy6.-'yL . , r 4 n n  air -6 hpdragen derived from na t -  

Ef f ic ienc ies  of t he  prototype u n i t s  using reformed 
Using hydrogen with l a r g e  un i t s ,  e f f i c i e n c i e s  up t o  

Fuel c e l l s  have a l so  been proposed f o r  supplying u t i l i t y  peak power needs using hydro- 
gen f u e l  (and oxygen) produced e l e c t r o l y t i c a l l y  during low demand periods.  
c ienc ies  ( e l e c t r i c i t y  i n / e l e c t r i c i t y  out) wi th  today's technologies w i l l  probably be under 
30%, but  with poss ib le  fu tu re  technologies the  e f f i c i ency  could approach 50%. A s  an 
a l t e rna t ive  t o  pumped hydro s to rage ,  i t  does o f f e r  a f l e x i b i l i t y  of l oca t ion  and a compact 
p l an t  which may become an important consideration f o r  peaking f a c i l i t i e s .  Other fue ls ,  
e.g., NH3, N2H4, CH3OH. have been used t o  a l imi ted  ex ten t  i n  f u e l  c e l l s ,  both d i r e c t l y  
and a f t e r  d i ssoc ia t ion .  

Overall  e f f i -  

SYSTEMS ANALYSIS 

The purpose of the  systems ana lys i s  e f fo r t (16 )  i n  t h i s  short-term study was t o  iden- 
t i f y  system concepts which would show the t y p i c a l  resource,  economic, and environmental 
impact of implementing hydrogen in  se lec ted  sec to r s  of the  energy system. The concepts 
evaluated are l i s t e d  below: 

1. The use of hydrogen, generated with ava i l ab le  off-peak e l e c t r i c i t y ,  as a clean 
f u e l  i n  t h e  t ranspor ta t ion  s e c t o r  (auto,  d i e s e l ,  o r  a i r c r a f t ) .  

2 .  
t i on  sec tor .  

3. 
v i a  hydrogen i n  p ipe l ines .  

The use of hydrogen produced from,coal,  as an a l t e r n a t e  c lean  f u e l  i n  the transporta- 

Energy t r anspor t  and d i s t r i b u t i o n  from remote c e n t r a l  s t a t i o n  sites t o  urban areas  

I t  w a s  estimated t h a t  t he  amount of ava i l ab le  off-peak power in t h e  year 2000 could 
s a t i s f y :  (a) 50% of the  automotive, (b) 50% of t h e  a i r c r a f t ,  o r  (c) a l l  of the  d i e s e l  
f u e l  requirements. In one case  where the off-peak fossil-generated power ( fo r  the  pro- 
duction of H p )  was s h i f t e d  t o  nuclear (par t  base load) ,  a decrease of over 20% in petro- 
leum imports was projected.  
t r a t ed  in Fig. 5 showing a decrease in chemical po l lu t an t s  with an inc rease  i n  rad ioac t ive  
wastes. 

The impact of t h i s  change on environmental f ac to r s  is i l l u s -  

Another systems ana lys i s  example computation shown i n  Fig. 6 compares the  cost  of 
de l iver ing  hydrogen f o r  r e s i d e n t i a l  energy needs t o  an a l l - e l e c t r i c  case.  
energy hydrogen is less expensive than e l e c t r i c i t y  due t o  lower transmission and d i s t r ibu -  
t i on  cos ts  as  wel l  as savings r e su l t i ng  from a b e t t e r  u t i l i z a t i o n  of the  primary energy 
p lan t .  I f  a l l  of t h e  hydrogen were converted back t o  e l e c t r i c i t y  i n  f u e l  cells, the  t o t a l  
cos t s  would exceed the  a l l - e l e c t r i c a l  case. I f ,  however, an energy mix of four pa r t s  
thermal t o  one p a r t  e l e c t r i c a l  were used t o  meet r e s i d e n t i a l  needs, hydrogen would become 
an a t t r a c t i v e  energy source. Also shown i n  t h i s  f i gu re  are the  estimated cos ts  fo r  pro- 
ducing hydrogen with off-peak nuclear power and from coal  a t  both $'l/ton and $17/ton. 

As thermal 

*Team t o  Advance Research for G a s  Energy Transformation. 
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CONCLUSIONS AND RECOMMENDATIONS 

The primary sectors of an energy system based on nonfossil synthetic fuels were 
The main overall conclusion examined on the basis of readily available information. 

reached was that these fuels can have a significant beneficial long-term impact on the 
energy problems facing the U.S. 
the following reasons: 

1. 

2. It may be substituted for nearly all fuel uses. 

3. It can be produced from domestic resources. 

4 .  It is available from a renewable and universal raw material -water. 

5 .  

Hydrogen is a particularly attractive synthetic fuel for 

It is essentially clean burning, the main combustion product being water. 

Nearly all primary energy sources. nuclear, solar, etc., may be used in its production. 

The main obstacles to its use as a universal fuel are its high cost relative to the 

Safety considerations, while important, 
current low prices for fossil fuels and, for some applications, the unresolved problems 
of handling a low density or a cryogenic fluid. 
are not believed to present a serious technical obstacle to its widespread use. 

The panel believed that most of these economic problems could be resolved by appro- 
priate RhD programs. 
those which could have a near-term, by 1985, impact on the nation's energy problems and 
those which would be of significant impact after this date. 
were identified are: 

1. Development and demonstration of methanol from coal as an automotive fuel. 

2. Development and demonstration of H2 as an energy storage medium for electric utili- 
ties use in supplying peak power demands. 

4. Development and demonstration of the production of gaseous and liquid fuels from 
urban and agricultural waste products. 

Assuming a reasonable funding level,* these programs are projected to require up to 

The recommended RhD programs were divided into two categories: 

The near-term tasks which 

a five-year research and development effort. The methanol task would establish the tech- 
nology and economics of both the production from coal and/or lignite as well as the end 
use in automobile engines. 
of petroleum, the successful implementation of this program could have a significant 
impact on the oil import and air pollution problems. 
have near-term viability and would likewise relieve the demand for natural gas and petroleum. 

The research and development program identified to achieve the longer-term impact is 

Since auto transportation represents the biggest single user 

Tasks 2 ,  3, and 4 also appear to 

as follows: 

1. 
ized ground vehicles. 

2. Hydrogen production investigations. 

3. 

4 .  Public safety studies. 

Use of hydrogen as a transportation fuel, particularly for aircraft and for special- 

Long-distance transmission and bulk storage of hydrogen. 

*The panel developed recommended RhD funding levels, but these are not yet available 
for publicat ion. 
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5. Overall systems analyses.  

It is estimated t h a t  a five- t o  ten-year research and development program would be  
This required t o  e s t ab l i sh  the f e a s i b i l i t y  of using hydrogen a s  a t r anspor t a t ion  fue l .  

program would give p a r t i c u l a r  emphasis t o  f u e l  tankage and l o g i s t i c s  and t h e i r  i n t e r r e l a -  
t ionships  t o  engine and frame considerations.  

Hydrogen production inves t iga t ions  t o  improve the  water e l e c t r o l y s i s  process. a s  w e l l  
as t o  inves t iga t e  new methods such a s  thermochemical and b io log ica l ,  could involve a f ive -  
t o  ten-year program. 
system s tud ie s ,  design optimizations,  and component development, a r e  estimated t o  requi re  
a continuing e f f o r t  of a t  least f i v e  years.  

Long-distance transmission and bulk  s to rage  of hydrogen, including 

Publ ic  s a f e t y  and ove ra l l  system ana lys i s  a r e  envisaged as long-term, r e l a t i v e l y  low- 

It i s  expected 
l e v e l  e f f o r t s ,  but ones which a r e  e s s e n t i a l  t o  a smooth implementa<ion period as wel l  as 
t o  form t h e  base fo r  a w e l l  coordinated research  and development program. 
t h a t  most of t he  long-term tasks  w i l l  r equ i r e  concerted work w e l l  beyond the  i n i t i a l  feas i -  
b i l i t y  e f f o r t s  ou t l ined  above, bu t  w i l l  depend s t rongly  on the  r e s u l t s  obtained by the  
end of t h e  research and development period. 

In general ,  the  panel concluded t h a t  t h e  main obs tac le  t o  t h e  use of hydrogen a s  a 
universa l  f u e l  is an economic one, and t h a t  an extensive and long-range research and 
development program could do much t o  narrow t h e  gap between i t s  cos t  and the  c o s t  of f o s s i l  
fue l s .  
mental p ro tec t ion  requirements, should increase  a t  a higher r a t e  than t h e  cos t  of produc- 
ing the  syn the t i c  fue l s ,  and t h i s  w i l l  a l s o  cont r ibu te  t o  improving the  r e l a t i v e  economic 
pos i t i on  and shortening t h e  implementation period f o r  t h e  adoption of t h e  hydrogen-based 
economy. 

The cos t  of f o s s i l  fue l s ,  because of dec l in ing  resources and inc reas ing  environ- 

It is c l e a r  t h a t  our f o s s i l  fue l s  w i l l  u l t imate ly  be depleted and t h a t  r e l i ance  must 
then be placed on the  nonfoss i l  syn the t i c  fue l s .  
t r a n s i t i o n  from coal-based t o  nuclear- o r  solar-based f u e l  should begin is suggested as a 
c r i t i c a l l y  important top ic  f o r  a fu ture .  more de t a i l ed  study. 

When t h i s  w i l l  t ake  p lace  o r  when a 

\, 
I 
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APPENDIX 

The following members of t h e  study panel on nonfoss i l  syn the t i c  f u e l s  and f u e l  
c e l l s ,  together with o the r  cont r ibu tors  l i s t e d  below, were responsible f o r  t he  prep- 
a r a t i o n  of t h i s  r epor t ,  
t h e  Division of Reactor Development and Technology. 

The work w a s  sponsored by the  AEC under the  cognizance of 

PANEL ORGANIZATION 

Indiv idua l  Af f i l i a t ion"  Area o f  Responsibil i ty 

J. W. Michel ORNL Panel Leader 

F. J. Salzano BNL 

E. Hanunel LASL 

Systems Analysis 

Urban Uses of Hydrogen 

A. L. Austin LLL Hydrogen Use i n  Automobiles 
D. P. Gregory 

J. E. Johnson 

I n s t i t u e  of 
Gas Technology 

Linde Div. of 
Union Carbide 

Uses of Synthetic Fuels 

Fuel Storage and 
Transportation 

C. F. Williams Teledyne Isotopes E lec t ro lys i s  
W.J.D.  Escher Escher Technology Transportation and 

Associates E l e c t r i c  Generation 

J. Braunstein . om Thermochemical Production 

CONTRIBUTORS 

I W. Hausz 

G. G. Leeth 

C. Meyer 

W. J. Lueckel 

R. J. Dufour 

C. Marchetti  

G. M. Blouin 

K. C. Hoffman 

W. A. Sevian 

F. J. Edeskuty 

General Electric, 
TEMPO 

P r a t t  6 Whitney 

IGT 

EURATOM 

TVA 

BNL 

BNL 

LASL 

~~ ~ 

C. C.  B u w e l l  

I. Spiewak 

H .  E. Goeller 
T. S. Mackey 

J. M. Holmes 

G. D. Novelli  

S. S. K i r s l i s  

F. F. Blankenship 

0. L. Culberson 

i , 

I 

* 
ORNL - Oak Ridge National Laboratory 
BNL - Brookhaven National Laboratory 
LASL - Lo8 Alamos S c i e n t i f i c  Laboratory 
LLL - Lawrence Livermore Laboratory 
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